The blockade of central nitric oxide (NO) signaling modifies the thermoregulatory and metabolic adjustments that occur during exercise, thereby impairing physical performance. However, the brain areas involved in this response remain unknown. Nitrergic neurons are present in the hypothalamic areas that are activated during exercise and participate in autonomic and neuroendocrine responses, such as, the hypothalamic paraventricular nucleus (PVN) and the supraoptic nucleus (SON). To investigate whether brain NO signaling affects thermoregulation during exercise through the activation of hypothalamic neurons, rats underwent acute submaximal treadmill exercise (18 m min −1 , 5% inclination) until fatigue received an intracerebroventricular injection of 1.43 mol N-nitro-l-arginine metil ester (L-NAME), a nitric oxide synthase inhibitor, or saline (SAL). Skin tail temperature (T sk ) and internal body temperature (T i ) were continuously recorded and c-Fos expression was determined in the PVN and the SON. L-NAME treatment reduced physical performance by 48%, which was positively correlated with tail vasodilation capacity, which was reduced by 28%, and negatively correlated with heat storage rate (HSR), which was increased by 38%. Physical exercise until fatigue increased the number of c-Fos-immunoreactive (ir) neurons in the PVN and the SON. L-NAME-treatment significantly reduced the exercise-induced c-Fos expression in the PVN, whereas it had no effect in the SON. Interestingly, the number of c-Fos-ir neurons in the PVN was closely correlated with physical performance and inversely associated with HSR. Thus, the inhibition of central NO attenuates neuronal activation induced by exercise in the PVN, impairs the autonomic regulation of heat dissipation, and anticipates the fatigue. Brain NO seems to play a role in exercise performance through the regulation of neuronal activation in the PVN, but not in the SON, although the SON neurons are also activated by running exercise. Moreover, this role in performance mediated by neuronal activation in the PVN can be related with the improvement of thermoregulatory adjustments that occur during exercise.
Introduction
Physical activity provides mechanical and metabolic stimuli sufficient to modify the energetic state of the organism, according to the type, intensity, and duration of exercise performed. The organism responds to these alterations, promoting very specific and varied adaptations that are necessary for the maintenance of body homeostasis (Coyle, 2000) . Hypothalamic-pituitary-adrenal (HPA) axis and autonomic nervous system (ANS) are known to react and to participate these adaptations (Leal-Cerro et al., 2003; Mastorakos et al., 2005) . Accordingly, several studies have been shown that, among the hypothalamic components, the paraventricular and supraoptic nucleus of the hypothalamus (PVN and SON, respectively) , are activated during physical exercise (Barna et al., 2012; Nunez et al., 2012; Saito and Soya, 2004; Soya et al., 2007; Yanagita et al., 2007) ; however, the mechanisms involved in these responses still remain unknown.
Brain nitrergic signaling exerts important autonomic effects and metabolic adjustments during exercise. Previous studies showed that decreasing central nitric oxide (NO) availability with intracerebroventricular L-NAME (N-nitro-l-arginine metil ester, a competitive inhibitor of nitric oxide synthase -NOS) administration impairs heat dissipation, reduces mechanical efficiency, and shifts the balance of substrate utilization during exercise, thereby reducing physical performance (Lacerda et al., 2005 (Lacerda et al., , 2006a . However, the brain areas involved in the regulation of these responses are unknown.
Nitric oxide synthase (NOS), which is an enzyme responsible for NO synthesis, is present in neurons in the PVN and the SON of the hypothalamus (Campese et al., 2007; Vanhatalo and Soinila, 1995; Vincent and Kimura, 1992) , an important integrative center of homeostasis control, regulating autonomic and neuroendocrine functions, including the thermoregulatory and metabolic controls (Nagashima et al., 2000; Swanson and Sawchenko, 1980) . Thus, taking into account that (1) central NO signaling modulates the thermoregulatory adjustments and physical performance during exercise; (2) the hypothalamus participates in thermal control and is activated during physical exercise; and (3) nitrergic neurons are present in hypothalamic neurons; the aim of this study was to investigate whether the activation of PVN and SON neurons mediated by acute submaximal running exercise depends on NO transmission. Furthermore, we also investigated whether the exercise-induced activation of PVN and SON neurons was related to running performance and thermoregulatory adjustments during exercise.
Materials and methods

Ethics statement
All experimental procedures were approved by the Ethics Committee for the Care and Use of Laboratory Animals of the Federal University of Minas Gerais (protocol no. 045/2011) and were conducted in accordance with the regulations described in the Committee's Guiding Principles Manual.
Animals
Male Wistar rats (n = 16) weighing 240-330 g were housed in individual cages at a room temperature of 23 ± 2 • C under 14-h light/10-h dark cycles and had free access to water and rat chow.
The rats were familiarized to exercise on the motor-driven treadmill by running at a speed of 15 m min −1 at 5% inclination for 5 min per day on 4 consecutive days prior to the surgical procedures. The purpose of this preliminary exercise was to show the animals in which direction to run and to prevent the measurement of the increase in body temperature because of manipulation and exposure to an unknown environment. Electrical stimulation was determined according to each animal's tolerability, and it produced a discomfort without injury.
On the fifth day, following anesthesia with a mixture of ketamine (80 mg kg −1 bw; ip) and xylazine (10 mg kg −1 bw; ip), the rats were fixed to a stereotaxic apparatus (David Kopf Instruments, M-900, Tujunga, CA, USA), and a guide cannula (22 G) was implanted into the right lateral cerebral ventricle according to the following stereotaxic coordinates of the De Groot atlas (De Groot, 1959) : anteroposterior: −1.5 mm; lateral: −2.5 mm; and vertical: −3.0 mm, above the base of the skull. The contact of the tip of the cannula with the ventricular space was indicated by a pressure drop in a saline-filled manometer attached to the cannula (Antunes- Rodrigues and McCann, 1970) . Cannula were anchored firmly to the skull with jeweler's screws and fixed with acrylic cement, and it was protected with a protective cap. During the same surgical procedure, a temperature sensor (ER-4000; G2 E-Mitter; 15.5 mm × 6.5 mm, 1.1 mg; Mini Mitter Company Inc., OR, USA) was implanted into the peritoneal cavity through a small incision in the linea alba. This sensor was used to measure the intraperitoneal temperature (T i ) using telemetry. It was inserted and sutured to the abdominal muscle to prevent its movement inside the cavity, keeping it fixed near the muscle. Following implantation, the abdominal muscle and skin were sutured.
Immediately after surgery, the rats received a single dose of an analgesic (flunixin meglumine 1.0 mg kg −1 bw) and antibiotic mixture (pentabiotic; 48,000 IU kg −1 bw).
All animals were allowed to recover for at least 1 week before being submitted to the exercise protocol. All experiments were performed at a room temperature of 23 ± 1 • C, between 7:00 and 12:00.
Experimental protocols
On the day of the experiments, rats were weighed and transferred from their home cage to the motor-driven treadmill. All rats had recovered from surgery and exceeded the preoperative weight.
Initially, a needle (30 G) protruding 0.3 mm from the tip of the guide cannula was introduced into the right lateral cerebral ventricle by connecting it to a Hamilton syringe, and a thermocouple (series 409-B, Yellow Springs Instruments, Dayton, OH, EUA) was taped to the lateral surface of the skin, 1 cm from the base of the tail to measure the skin tail temperature (T sk ). The rats were left undisturbed for 60 min until the T i achieved resting and stable values between 37.0 and 37.5 • C for at least 20 min. Immediately prior to exercise, in a randomized and paired test, 2.0 L of 1.43 mol Nnitro-l-arginine metil ester (L-NAME, Merck Sharpe & Dohme, Campinas, Brazil; group L-NAME-EXE, n = 10) or 0.15 M NaCl (group SAL-EXE, n = 10) were injected into the right lateral ventricle. The dose of L-NAME was based on the results of our previous experiments, which showed a dose-dependent reduction in workload percentual related to the SAL group (Lacerda et al., 2005) . After the intracerebroventricular (i.c.v.) injections, the animals were submitted to constant-intensity running exercise until their reached fatigue. The intensity of exercise (18 m min −1 and 5% inclination) corresponded to an oxygen uptake of ∼66% of VO 2max (Brooks and White, 1978; Lacerda et al., 2006a; Sonne and Galbo, 1980) . Fatigue was defined as the point at which the animals were no longer able to keep pace with the treadmill and stayed on the shock grid for 10 s. An interval of at least two days was allowed for the animal to recover between the tests.
Ninety minutes after the determination of fatigue during the second exercise trial, the animals were deeply anesthetized with ketamine and xylazine and were transcardially perfused with 40 mL of heparinized 0.01 M phosphate-buffered saline (PBS), followed by 400 mL of 4% paraformaldehyde (PFA) in 0.2 M phosphate-buffered (pH 7.4). The brains were removed for subsequent immunohistochemical analysis.
Intraperitoneal temperature was measured every 5 s and was used as the internal body temperature value. Tail skin temperature was measured every 30 s and was considered as an index of cutaneous heat loss (Young and Dawson, 1982) . Time to fatigue (TTF, minutes) and workload (W, kgm) were considered indices of exercise performance.
A group of resting rats receiving an i.c.v. injection of 0.15 M NaCl (group SAL-REST, n = 6) was used as a control group. To confirm whether the exercise protocol increases neuronal activation in the PVN and the SON, these animals were subjected to the same conditions of familiarization, surgical procedures, and parts of the exercise protocol. However, after the T i achieved resting and stable values and the saline was injected, the rats remained at rest on the treadmill for an additional 30 min, were returned to their cages and were perfused 90 min after this rest period.
Immunohistochemistry
After perfusion, the brains were removed and post-fixed in 4% PFA for 2 h at 4 • C. Thereafter, the brains were stored in cold 30% sucrose for 72 h (until the brains sank) and frozen in isopentane 99% (C 5 H 12 ) at −50 • C. The brains were then stored at −80 • C until sectioning. Coronal sections of 40 m of the forebrain including the PVN and the SON (Paxinos and Watson, 2007) were cut in the cryostat and stored in cryoprotectant solution at −20 • C until the immunohistochemistry assay. Tissues were removed from the cryoprotectant and washed with 0.01 M phosphate saline (PBS). Unless otherwise mentioned, all solutions were prepared in PBS, and sections were washed with PBS between all steps. The sections were sequentially incubated with 0.1 M glycine, 1% hydrogen peroxide, 0.4% Triton X-100 and 2% bovine serum albumin (BSA). The sections were then incubated in a primary antibody directed against c-Fos (Ab5 rabbit polyclonal antibody; Calbiochem, EMD Chemicals, Gibbstown, NJ) at 1:10,000 in PBS containing 0.3% Triton X-100 and 1% BSA (all antibodies were diluted in the same solution) for 40 h at 4 • C with an biotinylated universal horse IgG (VectastainElite ABC kit, Vector Laboratories, Burlingame, CA, USA) at 1:600 for 2 h at room temperature, and with avidin-biotinylated horseradish peroxidase complex (Vectastain Elite ABC kit, Vector Laboratories) at 1:400 for 1 h. Sections were examined for peroxidase activity in a solution of nickel sulfate (25 mg/mL), 3,3-diaminobenzidine-HCl (0.2 mg/mL), and 0.03% H 2 O 2 in 0.175 M acetate-buffer. The sections were mounted onto gelatin-coated slides, air-dried, rinsed in a graded ethanol series, cleared in xylene and coverslipped with Entellan (Merck). As a control, the omission of the primary antibody or incubation with normal rabbit serum resulted in the absence of c-Fos labeling (data not shown).
Cell counts and quantification
The number of c-Fos-immunoreactive (ir) cells was counted by two experimenters without previous knowledge of the experimental group. For a cell to be considered c-Fos-ir, the nucleus was required to be stained black. The number of c-FOs-ir neurons was quantified bilaterally in the SON (3 sections between −0.96 and −1.20 mm from bregma) and the PVN (3 sections between −1.72 and −1.92 mm from bregma) according to the rat brain atlas (Paxinos and Watson, 2007) , and boxes were used to delimit the area in which the neurons were counted (width, 390 m; length, 310 m).
Calculations
Workload (W; kgm) was calculated as W = [body weight (Brooks and White, 1978; Lacerda et al., 2006a) .
Heat storage rate (HSR, cal min −1 ) was calculated as HSR = [body weight (g)] × [specific heat of the body tis- (Rodrigues et al., 2003) .
Maximum tail skin temperature variation (MT sk V, • C) was calculated as MT sk V = T sk1 − T sk2 , where T sk1 : tail temperature at fatigue point, and T sk2 : tail temperature at nadir.
Statistical analysis
The data are reported as the means ± standard error means (S.E.M.). The differences in thermoregulatory adjustments were compared across time points and between experimental trials using two-way analysis of variance (ANOVA) with repeated measures, followed by the post hoc Student Newman-Keuls test. One-way ANOVA was used to compare c-Fos expression between trials (i.e., resting and exercising trials) and was followed by the post hoc Student Newman-Keuls test. Paired Student's t-tests were used to compare time to fatigue, workload, heat storage rate and maximum tail temperature variation. All correlations were assessed using Pearson's correlation coefficient. The significance level was set at p < 0.05.
Results
3.1. Effect of i.c.v. L-NAME administration on physical performance and thermoregulatory adjustments during physical exercise Similar to observed previously (Lacerda et al., 2005 (Lacerda et al., , 2006a , the i.c.v. injection of L-NAME in untrained rats reduced exercise performance, which was shown by a 48% reduction in the time to fatigue (p < 0.01) and a 49% reduction in the workload (p < 0.01) compared with SAL-EXE rats. Moreover, the HSR values of the L-NAME-EXE rats were 39% higher than those measurements in the SAL-EXE group (p < 0.01; Table 1) .
Running exercise induced a rapid and progressive increase in T i in both groups (SAL-EXE: 37.39 ± 0.09 • C, at 0 min vs. 39.46 ± 0.21 • C, at fatigue; p < 0.001. L-NAME-EXE: 37.41 ± 0.08 • C, at 0 min vs. 39.04 ± 0.14 • C, at fatigue; p < 0.001). The SAL-REST group did not show changes in T i during the 30 min of recording (37.37 ± 0.13 • C, at 0 min vs. 37.35 ± 0.11 • C, at 30 min; p = 0.83).
In accordance with the thermoregulatory adjustments during exercise, in its initial phase, running exercise promoted an abrupt decrease in T sk , which reached the nadir at the 5th minute of running in both groups, that was more pronounced in the L-NAME-EXE group compared with SAL-EXE rats (−1.38 ± 0.37 • C SAL-EXE vs. −1.83 ± 0.28 • C L-NAME-EXE; p < 0.05).
This effect was followed by a gradual increase in T sk . The threshold T i for tail vasodilation, determined by the first point that was different from the nadir, was reached within 8 min of exercise in both groups, indicating that heat loss mechanisms had been activated. The tail vasodilation capacity, evaluated by differences between the fatigue T sk and the initial T sk , was significantly reduced in the L-NAME-EXE rats (2.69 ± 0.42 • C SAL vs. 1.23 ± 0.40 • C L-NAME; p < 0.001). This deficit in tail vasodilation capacity was also observed when comparing T sk at the time in SAL-EXE rats to the same time to fatigue in L-NAME-EXE rats (2.21 ± 0.38 • C SAL vs. 1.23 ± 0.40 • C L-NAME; p < 0.01). Additionally, the MT sk V was impaired by L-NAME treatment (4.49 ± 0.32 • C SAL vs. 3.24 ± 0.34 • C L-NAME; p < 0.01).
Since the feeling of fatigue can be influenced by thermoregulatory adjustments during exercise, it was verified if there is a relationship between the thermoregulatory parameters and physical performance capacity. We also observed a positive correlation between MT sk V and TTF (r = 0.461, p < 0.05; Fig. 1A ) and, consequently, a negative correlation between TTF and HSR (r = −0.680, p < 0.001; Fig. 1B ).
Effect of i.c.v. L-NAME administration on exercise-induced hypothalamic neuronal activation
The expression of the immediate-early gene product c-Fos was used to assess the effect of acute submaximal treadmill exercise Fig. 1 . Relationship between physical performance and thermoregulatory parameters during exercise. Rats received an intracerebroventricular injection of 1.43 mol L-NAME (L-NAME-EXE; n = 10) or vehicle (SAL-EXE; n = 10) and underwent acute submaximal treadmill exercise. (A) Correlation between time to fatigue (TTF) and maximum tail skin temperature variation (MT sk V). (B) Correlation between time to fatigue (TTF) and heat storage rate (HSR).
until fatigue on the activation of hypothalamic neurons in the PVN and the SON, as well as, the role of nitrergic signaling in this response. Fig. 2 shows c-Fos immunoreactivity in the PVN of SAL-REST, SAL-EXE, and L-NAME-EXE rats. Physical exercise until fatigue increased the number of c-Fos-ir neurons by 655% in the PVN of SAL-EXE rats compared with SAL-REST rats (p < 0.001). In turn, an i.c.v. injection of L-NAME significantly reduced the exercise-induced expression of c-Fos in the PVN, as the number of c-Fos neurons was 56% lower in L-NAME-EXE rats than in SAL-EXE rats (p < 0.001; Fig. 2E ). Moreover, the levels of c-Fos-ir neurons in the PVN were closely correlated with the TTF (r = 0.918, p < 0.001; Fig. 2F ) and inversely associated with the HSR (r = −0.714, p < 0.05; Fig. 2G ). Fig. 3 shows c-Fos immunoreactivity in the SON of SAL-REST, SAL-EXE, and L-NAME-EXE rats. Although to a lesser degree, physical exercise also increased the expression of c-Fos in the SON, as the number of c-Fos-ir neurons was 90% higher in SAL-EXE rats than in SAL-REST rats (p < 0.05). In contrast, there was no difference in c-Fos expression between L-NAME-EXE rats and SAL-EXE rats (p = 0.66; Fig. 3E ). In addition, the number of c-Fos-ir neurons in the SON was not correlated with either TTF (r = 0.306; p = 0.42; Fig. 3F ) or HSR (r = −0.292, p = 0.45; Fig. 3G ).
Discussion
The data obtained in the present study show that PVN and SON neurons are activated during acute submaximal treadmill exercise until fatigue and that nitrergic signaling modulates this response only in the PVN, i.e., the activation of SON neurons by exercise was not affected by the L-NAME treatment, or decreasing in running performance. Moreover, our results agree with previous reports supporting that central NO signaling is important for thermoregulatory adjustments during exercise and results in improved physical performance (Lacerda et al., 2005 (Lacerda et al., , 2006a . These assumptions are based on the fact that the central reduction of NO availability by an i.c.v. administration of L-NAME attenuated the exercise-induced c-Fos expression in the PVN and, simultaneously, decreased heat dissipation capacity by the skin on the tail, leading to decreased running performance.
Several studies have shown increased neuronal activation in the PVN and the SON of animals submitted to running exercise (Barna et al., 2012; Nunez et al., 2012; Saito and Soya, 2004; Soya et al., 2007; Yanagita et al., 2007) . However, the mechanisms involved in this response have not been elucidated. Our results bring further evidence of NO transmission as a possible mediator for neuronal activation in the PVN during exercise.
The mechanisms involved in exercise-induced NOS activation in the PVN and those responsible for mediating the effect of NO on the expression of c-Fos are not yet known. Previous studies indicate that NOS activation in the hypothalamus caused by stressful situations is dependent on the stimulation of N-methyl-d-aspartate receptors by glutamate (Garthwaite, 1991; Krukoff, 1999) . Once formed, NO stimulates the gene expression of c-Fos and other immediate-early genes via second messengers (Haby et al., 1994; Morris, 1995; Ohki et al., 1995) , which is consistent with our data showing reduced c-Fos expression in L-NAME-EXE rats.
Some studies using other animal models of PVN activation showed that immobilization stress increases the expression of mRNA for neuronal NOS (Kishimoto et al., 1996) and, in fact, increases NO synthesis in this brain area (Shirakawa et al., 2004) . In addition, immobilization stress induces neuronal activation in the PVN, and the pre-treatment with NOS inhibitors attenuates this response (Amir et al., 1997) , which is in line with the data reported here. Thus, together with these previous studies, our results indicate that nitrergic neurons within the PVN are activated during submaximal physical exercise on a treadmill until fatigue and that NO participates in the induction of c-Fos expression in the PVN.
Another novelty of this study is the relationship between hypothalamic neuronal activation and fatigue mechanisms. All previous studies that evaluated the recruitment of brain areas during exercise used experimental protocols with pre-set time (Barna et al., 2012; Nunez et al., 2012; Saito and Soya, 2004; Soya et al., 2007; Yanagita et al., 2007) , and did not provide information about the participation of these areas on physical performance. Moreover, investigations have focused on the relationship of physical performance and dietary supplements that modulate NO bioavailability for peripheral effects (Maughan et al., 2011) , but not for the central nitrergic pathways.
As expected, treatment with L-NAME reduced physical performance. Importantly, the expression of c-Fos in the PVN neurons was directly related to time of fatigue. This finding suggests that neuronal activation in this nucleus, which likely includes nitrergic neurons, is important to the physiological adjustments needed during exercise and may allow for the improvement of physical performance.
Regarding SON, it was not verified any differences between treatments; however, this lack of response helps to strengthen the interference of nitrergic transmission specifically in the PVN. Interestingly, despite the time to fatigue had been different, the c-Fos Fig. 2 . Effect of L-NAME on exercise-induced c-Fos expression in the paraventricular nucleus (PVN). Rats received an intracerebroventricular injection of 1.43 mol L-NAME (L-NAME-EXE; n = 5) or vehicle (SAL-EXE; n = 4) and underwent acute submaximal treadmill exercise, or received vehicle and remained at rest (SAL-REST, n = 6). (A) Schematic diagram representing the location of counting c-Fos-immunoreactive (ir) neurons in the PVN (black boxes), within approximately −1.72 and −1.92 mm from the bregma (Paxinos and Watson, 2007) . Photomicrographs of coronal brain sections showing c-Fos immunoreactivity (dark gray-black nuclei) in (B) SAL-REST, (C) SAL-EXE and (D) L-NAME-EXE rats. (E) The mean ± S.E.M of number of c-Fos-ir neurons/section in the PVN. *p < 0.05 compared with SAL-REST; ***p < 0.001 compared with SAL-REST; #p < 0.001 compared with SAL-EXE. Correlations between c-Fos-ir neurons in the PVN and time to fatigue (TTF, F), and c-Fos-ir neurons in the PVN and heat storage rate (HSR, G) in SAL-EXE and L-NAME-EXE rats. Scale bars, 50 m. 3 V: third ventricle. expression in the SON was similar to both groups (SAL-EXE and L-NAME-EXE). Thus, whether the neuronal activation rate in the SON would be mainly due to exercise time, its activation should be also reduced.
Supporting the hypothesis that central activation modulates the physiological peripheral responses required for physical performance during exercise, Soya et al. (2007) reported that the neuronal activation rate in the hypothalamus, mainly in the PVN, was associated with ACTH release, lactate accumulation, adrenaline production, and increased glycemia induced by exercise. Our findings suggest that thermoregulatory adjustments comprise one of these physiological adjustments contributing to the improvement of physical performance because we found not only a strong correlation between PVN activation and physical performance but also a negative correlation between PVN activation and HSR. Accordingly, HSR was negatively correlated with physical performance, and MT sk V, which is an index of heat dissipation, was positively correlated with time to fatigue.
The PVN is a central site for the integration of sympathetic nerve activity and is thought to be involved in the control of body temperature (Leite et al., 2012; Nagashima et al., 2000; Patel, 2000) because it contains thermosensitive neurons that are activated during heat stress (Bratincsak and Palkovits, 2004; Inenaga et al., 1987) and sends direct neuronal projections to other thermoregulatory centers and effectors (Kazuyuki et al., 1998; Smith et al., 1998) . Moreover, previous studies have reported the specificity of PVN and its NO transmission with regards to the mechanisms of heat dissipation in response to an increase in T i . Cardiovascular responses to changes in T i include marked changes in sympathetic nerve activity and blood flow. In response to passive hyperthermia, for example, there are increases in splanchnic, renal, splenic, and lumbar sympathetic nerve activity (Kenney et al., 1995) , resulting in vasoconstriction of the respective vascular beds. In contrast, hyperthermia elicits vasodilation in the skin tail vasculature in rats (Kazuyuki et al., 1998; Kregel et al., 1988; Leite et al., 2012) . These changes contribute to the redistribution of the blood flow during hyperthermia, such that blood is redirected from the warm internal environment in the visceral organs to the peripheral vasculature where heat can be dissipated, as happens during exercise-induced hyperthermia.
Rats that were directly injected in the PVN with muscimol, which is a GABA-ergic agonist employed to inhibit neuronal function, did not show the classical response of blood flow redirection in response to hyperthermia Chen et al., 2008) . Following the same protocol, intra-PVN administration of L-NAME also prevented the redirection of blood flow (Chen et al., 2010) . These findings together confirm the role played by PVN NO in thermoregulatory adjustments in response to hyperthermia, and explain the deficit in tail vasodilation capacity found in the L-NAME-group during exercise.
Physical exercise on the treadmill considerably increased T i in all rats studied. However, because the physical performance was different between groups, we suggest that L-NAME-treated rats became less tolerant to exercise-induced hyperthermia. As body temperature is the result of the balance between heat production and heat dissipation, this increase in T i that occurs in response to continuous exercise results from the temporary imbalance in the rates of metabolic heat production and heat dissipation during the early stage of exercise, when the vasoconstriction mediated by activation of the sympathetic nervous system impairs heat loss. Consequently, T i increases rapidly until it reaches the threshold for peripheral thermal vasodilation, thereby improving heat dissipation. Thereafter, the rise in T i plateaus at a high level and remains high until fatigue (Gleeson, 1998; Lacerda et al., 2005; Webb, 1995) .
In this context, we observed a lower MT sk V capacity in L-NAMEtreated animals compared to SAL-treated animals, and increment in tail skin vasoconstriction in the earlier phase. It is important to emphasize that the tail skin blood flow is modulated by noradrenergic vasoconstrictor activity (O'Leary et al., 1985; Owens et al., 2002) . Given that central NO inhibits PVN sympathetic outflow by stimulating the release of GABA on synaptic terminals in this nucleus (Patel et al., 2001; Zhang and Patel, 1998) , it is reasonable to suppose that the inhibition of central NO by i.c.v. L-NAME reduces heat dissipation by increasing the sympathetic outflow from PVN to superficial vascular beds in the tail, which results in an increased HSR.
It is well documented that T i is a limiting factor during prolonged physical exercise and that a high level of HSR is associated with the termination of work (Marino, 2004; Nybo and Nielsen, 2001; Rodrigues et al., 2003) . There is also a hypothesis that hyperthermia precipitates feelings of fatigue and reduces motivation at a sub lethal threshold, providing a safeguard against heat stroke and protecting the brain against thermal damage (Cheung and Sleivert, 2004; Marino, 2004) . Therefore, considering that fatigue may be precipitated by high core temperature and/or heat storage, the blockade of a central mechanism that leads to heat loss and/or heat tolerance should impair exercise performance. Thus, our results provide new evidence that physical performance can be decreased by a blockade of the heat dissipation mechanisms.
Because no difference was found between experimental groups for the T i values reached by the end of the exercise, we suggest that the precipitation of fatigue in L-NAME-treated rats may have been due mostly to the impairment of vasodilation capacity. Accordingly, it has been proposed that both the T i value and the skin temperature value achieved at the point of fatigue are limiting factors of physical performance (Cheuvront et al., 2010) . As in our experiment, L-NAME-treated rats reached the maximum vasodilation at an earlier point during exercise, and fatigue was therefore characterized earlier.
Although evidences pointing to a direct effect of L-NAME into the PVN, our conclusion needs to be seen with caution. NO production occurs in other areas close to cerebral ventricles known to have thermoregulatory function, such as preoptic area, that send projections to PVN (Vincent and Kimura, 1992) . These areas may eventually be attained by L-NAME infusion influencing the heat dissipation mechanisms dependent on PVN neuronal activation. Microinjections of NO donors or inhibitors would clarify the direct involvement of these areas in central nitrergic pathways mediating heat dissipation.
In summary, our results indicate that central nitrergic signaling is important to induce the recruitment of PVN neurons, being a possible direct target of NO during exercise. Moreover, the efficiency of thermoregulatory adjustments depends on the activation of PVN neurons, resulting in better internal conditions of the organism to perform physical exercise. Thus, our findings provide new evidence that PVN activation is part of the central mechanism through which NO improves heat dissipation and, consequently, physical performance.
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